Effects of Climate Variability: A Long-term Perspective on Leaf Litter Processing in the Ogeechee River by Sanchez, Jose A
Georgia Southern University 
Digital Commons@Georgia Southern 
Electronic Theses and Dissertations Graduate Studies, Jack N. Averitt College of 
Summer 2019 
Effects of Climate Variability: A Long-term Perspective 
on Leaf Litter Processing in the Ogeechee River 
Jose A. Sanchez 
Follow this and additional works at: https://digitalcommons.georgiasouthern.edu/etd 
 Part of the Entomology Commons, Integrative Biology Commons, and the Terrestrial and 
Aquatic Ecology Commons 
Recommended Citation 
Sanchez, Jose A., "Effects of Climate Variability: A Long-term Perspective on Leaf Litter 
Processing in the Ogeechee River" (2019). Electronic Theses and Dissertations. 1983. 
https://digitalcommons.georgiasouthern.edu/etd/1983 
This thesis (open access) is brought to you for free and open access by the Graduate Studies, Jack 
N. Averitt College of at Digital Commons@Georgia Southern. It has been accepted for inclusion in 
Electronic Theses and Dissertations by an authorized administrator of Digital Commons@Georgia 
Southern. For more information, please contact digitalcommons@georgiasouthern.edu. 
EFFECTS OF CLIMATE VARIABILITY: A LONG-TERM PERSPECTIVE ON LEAF LITTER 
PROCESSING IN THE OGEECHEE RIVER  
by 
JOSE A SANCHEZ-RUIZ 
(Under the Direction of J. Checo Colón-Gaud) 
ABSTRACT 
The Intergovernmental Panel for Climate Change (IPCC) predicts a rise in temperatures and changes to 
precipitation patterns for the 21st century. These changes are expected to lead to a higher frequency of 
extreme events such as drought and floods which lead to the alteration of the hydrology, communities, 
and processes of freshwater ecosystems. Leaf litter decomposition in stream ecosystems is an important 
component of the energy and nutrient cycle representing a food source for aquatic organisms. This has 
made it a tool for assessing long term responses to disturbance due to changes in the assemblage of 
macroinvertebrates that colonize leaf packs. My objective is to use long-term data to evaluate 5 years of 
leaf litter decomposition data at the Ogeechee River from 2013 through 2017 after a 3-year drought 
period (2010 - 2012) to assess the leaf decomposition process and the macroinvertebrate community 
associated with it.  We predicted that disturbances due to climate variability, specifically drought and 
flood disturbances, will have an impact in the process and that factors such as temperature, discharge and 
potentially the shredder functional feeding group will drive these changes. Additionally, we predicted 
these types of disturbances will impact macroinvertebrate abundance and richness negatively. This study 
reveals changes in the rate of decomposition in a post-drought in 2013 and the subsequent years that are 
explained by fluctuations in temperature, discharge and potentially shredders. Additionally, we detected a 
shift in the species composition after the post-drought year into a more stable period alluding to a lag 
effect in species richness. In conclusion, we can predict an increase in decomposition rates during 
disturbance events, especially drought as well as a decrease in both abundance and richness. 
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CHAPTER 1 
THE EFFECTS OF CLIMATE VARIABILITY ON THE LEAF DECOMPOSITION  
    PROCESS 
INTRODUCTION: 
Leaf litter decomposition in stream ecosystems is an important component of their energy flow 
and nutrient cycles. In streams, the carbon fixed in the leaves during photosynthesis is turned into energy 
and CO2, the latter being released back into the atmosphere (Boyero et al. 2011, Graça and Poquet 2014).  
Additionally, due to the downstream component, the nutrient cycle becomes the nutrient spiral, making 
leaf litter decomposition a process important for the whole river as the organic matter travels from the 
head-waters all the way to the ocean (Battin et al. 2009). Hence, leaf litter decomposition integrates 
multiple stream ecosystem processes (e.g., carbon cycle, nutrient spiraling, secondary production, etc.) 
and represents a direct or indirect source of food for many organisms (e.g., insects, fish, crayfish, 
mussels) (Wallace and Webster 1996). In streams, the availability of water and nutrients leads to higher 
metabolic rates, which accelerates the process, thus making decomposition rates faster in streams 
compared to terrestrial ecosystems (Mollá  2017). It is estimated that inland waters contribute around 
~1.9-2.7 Pg C yr-1 of which in ~42-44% returns to the atmosphere as CO2 and the rest is either buried in 
the sediment or transported all the way to ocean to be sequestered (Cole et al. 2007, Battin et al. 2009). 
This number is comparable with terrestrial carbon sinks which ~2.8 Pg C yr-1 (Battin et al. 2009). 
Therefore the leaf decomposition process in inland waters is a significant contributor to the global carbon 
cycle (Cole et al. 2007, Battin et al. 2008, 2009, Boyero et al. 2011).  
In temperate systems, most trees abscise their leaves during fall, as the majority of leaf nutrients 
get redistributed to the trunk in preparation for winter (Petersen and Cummins 1974). The remainder of 
the leaf litter nutrients is quickly leached within a few days of entering a stream and most of the 
remaining material is composed of structural proteins like lignin and cellulose that need microbial 
conditioning for other organisms to process (Petersen and Cummins 1974). The rate at which leaves 
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decompose and become particles depends on the physical and chemical properties of the leaf, the 
microbial and invertebrate activity, and environmental factors (e.g., fluctuations in water discharge, 
temperature) (Petersen and Cummins 1974, Gartner and Cardon 2004, Mollá et al. 2017).  
Biological diversity at multiple trophic levels, such as microbial and fungal communities and 
invertebrate consumers, plays an important role in leaf decomposition.  In different biomes, the relative 
importance between these communities vary (Irons et al. 1994, Ardón and Pringle 2008, Boyero et al. 
2011). It is important to make a distinction between the role these communities play on this process as the 
factors governing each community’s role and the leaf decomposition products are different (Boyero et al. 
2011). For example, temperature regulates microbial metabolism (Cornelissen 1996, Boyero et al. 2011), 
while discharge and life history may control macroinvertebrate contribution (Ferreira et al. 2006). As 
soon as leaves enter a stream as Coarse Particulate Organic Matter (CPOM), they begin to be colonized 
by fungi and bacteria, mediating its breakdown into Fine Particulate Organic Matter (FPOM). This is 
known as conditioning, a process that breaks structural compounds, decreases the carbon to nitrogen ratio 
(C:N), and makes leaves more palatable to aquatic invertebrates (Petersen and Cummins 1974).  
There are many orders of macroinvertebrates, however, Ephemeroptera, Plecoptera, Odonata, 
Diptera, Coleoptera, and Trichoptera are known to be major contributors to the leaf decomposition 
process (Wallace and Webster 1996, Graça 2001).  Macroinvertebrates are generally classified by how 
they eat, also known as functional feeding group (FFG), rather than what they eat (Wallace and Webster 
1996, Graça 2001). The main classifications are shredders, scrapers, collector-gatherers, collector-
filterers, and predators. Each classification can be attributed to different families or genera within multiple 
orders. Macroinvertebrates contribute significantly to the leaf litter decomposition process. Particularly 
the shredder functional feeding group, whose feeding mode has an impact on leaf decomposition directly 
and plays an important role in its breakdown into FPOM and Dissolved Organic Matter (DOM) (Irons et 
al. 1994, Wallace and Webster 1996, Graça 2001). FPOM and DOM are then consumed by other 
functional groups such as filterers and collector-gatherers which recycle the organic matter downstream, 
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forming part of what is known as the nutrient spiral (Graça 2001). In headwater streams where primary 
production is low, terrestrial organic matter inputs and their decomposition represent an important source 
of energy (Mollá et al. 2017). However, the contribution of these resources can also play an important 
role in large and low gradient rivers (Meyer et al. 1997, Benke and Wallace 1997).  
The Ogeechee is a blackwater river located in the Southeastern Coastal Plain of Georgia. It is 
characteristic of a low gradient system with a connection to the floodplain which provides important 
inputs of organic matter. Similar to most coastal plain rivers, it has primarily a sandy substrate and high 
seasonal variation in discharge. Contrary to the River Continuum Concept (RCC; Vannote et al. 1980), 
which states that mid-order systems should be mostly autotrophic, the Ogeechee is heterotrophic (Meyer 
1990). Due to the depth and turbidity of the river, the microbial loop (nutrient cycling by bacteria and 
fungi) provides more energy from allochthonous inputs (e.g., leaf litter, woody debris, DOM, etc.) and 
respiration than autochthonous production (e.g., algae, plants, etc.) (Meyer 1990, 1994). This makes leaf 
decomposition an important process for the stream and the invertebrate community (Petersen and 
Cummins 1974).  
Objectives 
The purpose of this thesis is to assess the leaf decomposition process and the associated 
macroinvertebrate community in a long-term context. My first objective was to quantify whether 
macroinvertebrates play a substantial role in the leaf decomposition process in relation to the contribution 
of microbial communities at the Ogeechee River. My second objective was to evaluate variation in the 
leaf litter decomposition process using 5 years of data at the Ogeechee. Subsequently, build a model to 
help us determine which environmental factors (e.g. temperature, pH, discharge, etc.) are more likely to 
affect it and help us predict the behavior of the leaf litter decomposition process in a climate change 
scenario. Finally, my third objective was to assess variation in the species composition associated with the 
leaf decomposition process using 5 years of data on the macroinvertebrate community.   
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CHAPTER 2 
THE EFFECTS OF CLIMATE VARIABILITY ON THE LEAF DECOMPOSITION 
PROCESS 
INTRODUCTION: 
The Intergovernmental Panel for Climate Change (IPCC) predicts a rise in temperatures and 
changes to precipitation patterns for the 21st century (Boyero et al. 2011, Monroy et al. 2017). In stream 
ecosystems, disturbances are defined as events whose frequency, intensity and severity lie outside 
predictable ranges and consequently impact the ecosystem community and processes negatively (Resh et 
al. 1988, Lake 2000). Specifically, for Georgia, climate change is expected to lead to a higher frequency 
of extreme disturbance events such as drought and floods (US EPA 2016) which will lead to alterations to 
the hydrology, communities, and freshwater ecosystems processes (Monroy et al. 2017). Additionally, 
due to the sensitivity of the water cycle to climate change and disturbances we can expect higher 
allochthonous inputs, through more intense erosion, deposition, and runoff, into inland waters (Battin et 
al. 2009). Plant matter represents one of the largest stores of carbon on the planet, part of which enters 
streams as allochthonous inputs (Boyero et al. 2011). A conservative estimate shows that approximately 
42-44% of the carbon that enters as allochthonous inputs returns to the atmosphere (Cole et al. 2007, 
Battin et al. 2008, 2009). Therefore, decomposition in streams in the context of climate change will have 
higher implications for the carbon flux between the biosphere and atmosphere (Battin et al. 2009, Boyero 
et al. 2011, Monroy et al. 2017).  
Long-term studies are design in a multiyear context collecting data daily, monthly or yearly to 
expand our perspective and pick up natural variation patterns on environmental and biotic factors (Hobbie 
et al. 2003). Although there are a few long-term decomposition studies (Wallace et al. 1995, Benfield et 
al. 2001, Graça and Poquet 2014), most leaf decomposition experiments in streams have been done within 
relatively short periods of time (1 to 2 years) (Gartner and Cardon 2004, Ferreira et al. 2006, Bruder et al. 
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2014, Newman et al. 2015, Fernández et al. 2015 among others). All these studies (Gartner and Cardon 
2004, Ferreira et al. 2006, Bruder et al. 2014, Newman et al. 2015, Fernández et al. 2015 among others) 
yielded insight into the leaf decomposition process, but by design, they could not consider the 
consequences climate variability may have on it. Hence, long-term studies can help us understand the 
effects of climate variability on leaf litter decomposition dynamics (Kratz et al. 2003, Graça and Poquet 
2014).  
Water temperature in streams, a factor predicted to change with the changing climate, plays a 
major role in the leaf decomposition ecosystem process (Petersen and Cummins 1974, Boyero et al. 
2011). Additionally, shredder mediated decomposition also has a role in transforming CPOM into FPOM 
which is in turn consumed by collector FPOM feeders, rising Carbon retention and residency time within 
stream ecosystems. Boyero et al. (2011) studied the effects of climate change will have on leaf 
decomposition by using a latitudinal gradient as a proxy and found that with rising temperatures, 
microbial mediated decomposition will increase, and macroinvertebrate mediated decomposition will 
decrease. Although the decomposition rate will remain the same due to compensation, microbial CO2 
production will increase, and carbon retention and residence time decrease, lowering Carbon 
sequestration (Boyero et al. 2011). However, there are many factors that change with latitude that may be 
confounding these results, for example microbial and aquatic invertebrate communities (Irons et al. 1994, 
Ardón and Pringle 2008, Handa et al. 2014). Another factor predicted to change in river ecosystems of 
Georgia, discharge (i.e., flow rate), can also play a role on leaf litter retention, erosion, fragmentation, and 
changes in aquatic invertebrate colonization of the leaf litter, further lowering carbon residence time 
(Jones and Smock 1991, Mollá et al. 2017). However, Boyero et al. (2011) found no global trends for 
discharge and leaf litter decomposition rate. Therefore, a faster rate of decomposition in the context of 
climate change will have consequences for Carbon sequestration, retention, and residence time (Jones and 
Smock 1991, Wallace and Webster 1996, Monroy et al. 2017).  
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A rise in water temperatures will lead to an increase in metabolism which in turn will accelerate 
the leaf litter decomposition process (Dang et al. 2009, Boyero et al. 2011, Graça and Poquet 2014). 
Consequently, faster leaf decomposition would increase downstream nutrient transport, which may lead to 
an increase in spiraling length for the resource, resulting in a shift in secondary production in higher 
trophic levels, leading to changes in nutrient recycling and the food web (Boyero et al. 2011, Newman et 
al. 2015). At a global scale, changes in decomposition rates could have feedback implications for the 
climate leading to further increases in temperature. Furthermore, looking at leaf litter decomposition in a 
long-term context will also show how the associated community of organisms adapted to an 
environmental regime responds to environmental changes (Irons et al. 1994, Buzby and Perry 2000). In 
fall of 2012, the Ogeechee River watershed was at the end of a three-year drought period (with yearly 
discharge rates of 8 m3/s, relative to a historical average of 38 m3/s; Figure 2.1a). Since 2012, leaf 
decomposition experiments have been conducted during autumn at the Rocky Ford Landing in the 
Ogeechee River with the purpose of establishing a long-term dataset that helps us elucidate the impact of 
climate on leaf decomposition and the associated invertebrate communities in the river.  
Objectives 
In this study, I looked at an ongoing 5-year dataset (2013-2017), of decomposition and 
colonization of oak (genus Quercus) leaves at a single site on the Ogeechee River, a Southeastern Coastal 
Plain river. My first goal is to determine whether the macroinvertebrate community substantially 
contributes to the leaf decomposition process or whether these consumers just use leaf litter as a form of 
habitat. To achieve this, I conducted a macroinvertebrate exclusion experiment. Once I determined the 
outcome of the exclusion experiment, I used the long-term dataset to evaluate and predict the effects 
climate variability (e.g. temperature, discharge, etc.) and possibly the macroinvertebrate community has 
on the leaf decomposition process during autumn (a period of increased leaf inputs) over the 5-year period 
of study. I predicted that temperature through microbially mediated decomposition will be the major 
factor driving the leaf litter decomposition process. I predicted that other factors such as discharge, and 
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shredder abundance will contribute but at a lower rate than temperature. Restricting our study to the 
autumn season allows us to evaluate the leaf decomposition process response to climate variability while 
controlling for any confounding effects of seasonality and changes in the macroinvertebrate assemblage 
due to life history.  
METHODS: 
Study Site and Environmental Data  
The Ogeechee originates in the Piedmont region and flows southeasterly through the coastal plain 
of Georgia to the Atlantic Ocean. It has a mean discharge of 37.04 m3/s and remains as one of the few 
blackwater (tea colored) rivers that remain un-impounded (no dam) worldwide. It has a watershed that 
extends 14,300 km2 and runs for 245 km. Similar to other blackwater rivers, the Ogeechee exhibits low 
dissolved oxygen concentrations (Meyer et al. 1997). However, in contrast with other blackwater systems, 
it maintains a nearly neutral pH due to inputs from a large limestone spring (Meyer et al. 1997).  
The study was conducted at Rocky Ford Landing (32°38'56" N, 81°50'27" W). A USGS gauge 
(02202040) has recorded discharge at the site since 2003 (Figure 2.1a). Discharge data were obtained 
from the USGS National Water Information System (https://waterdata.usgs.gov/nwis/rt). The Rocky Ford 
has a maximum recorded discharge during the Autumn season (since 2003) of 55.72 m3/s. Additionally, a 
continuous monitoring station has recorded water chemistry data (temperature (°C), pH, oxygen 
saturation (DO %), dissolved oxygen (DO (mg L-1)), and specific conductance (SpC (µS cm-1)) from 
November 2012 to September 2017. In addition, Hobo® temperature loggers (Onset Computer 
Corporation, Bourne, MA) were deployed at the sampling dates (2013-2017) for more localized 
temperature estimates. On each retrieval, a YSI ProPlus multi-parameter water quality meter (Yellow 
Spring Instruments®) was used to measure water quality parameters (temperature, pH, conductivity, DO) 
in order to have a reference to compare to the continuous monitoring data.  In case of missing data, YSI 
values were used instead.  
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Leaf decomposition field work:  
The source species of leaf litter for the study was water oak (Quercus nigra), a species distributed 
throughout the coastal plain in the U.S. from New Jersey to Texas and is adapted to wetlands and stream 
banks (Mehring et al. 2014). It is the dominant species around the Ogeechee River and responsible for the 
most litter production (Mehring et al. 2014).  Total annual litter inputs estimate for the Ogeechee River, 
based on the main channel and floodplain, are ~823 ± 26 g m2 y-1 with Q. nigra accounting for ~30% of 
the inputs (Mehring et al. 2014). Additionally, the high lignin content of water oak leaf litter makes it 
slow to decompose and therefore making it ideal for long-term studies (Newman et al. 2015). 
Every fall since 2012, sixteen mesh bags per year are filled with water oak leaf litter, ranging in 
weight from ~15-20g each to form leaf packs that were deployed in the Ogeechee River at the Rocky 
Ford site for a total of 6 years (2012-2017). Senesced leaves were collected each year from several 
localities around Georgia Southern University Campus and dried for at least 2 days at room temperature 
in the laboratory. The total leaves litter mass was placed in coarse mesh bags (8-mm openings) to allow 
macroinvertebrate colonization. The leaf packs were anchored to cinder blocks and deployed in the river 
during the months of September-October, the time of maximum leaf litter accumulation in the temperate 
zone (Petersen and Cummins 1974, Boyero et al. 2011). Four additional leaf packs were prepared to bring 
to the field and bring back to the laboratory to account for potential handling losses, bringing the total leaf 
pack count to 20 per year (n = 120 total). As part of a macroinvertebrate exclusion experiment, in fall 
2017 and spring 2018, 16 additional leaf packs (n = 20 including the four for handling losses), of 10 to 
15g of water oak leaf litter, with a fine mesh (500-µm) were prepared and deployed. The fine mesh 
reduced macroinvertebrates colonization and allowed me to assess the invertebrate contribution to the 
decomposition process. Macroinvertebrates were not quantified or identified for the exclusion treatment 
as I was only interested in the effects of the exclusion on the process to determine whether to consider 
shredders as a potential explanatory factor across years. The leaf packs were retrieved over 4 bi-weekly 
intervals (~every 14 days) in replicates of 4 over the course of 56 days. Once collected, they were stored 
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in 95% ethanol to avoid further decomposition of the leaves and macroinvertebrates until processed. Leaf 
packs were split into Coarse Particulate Organic Matter (CPOM) and Fine Particulate Organic Matter 
(FPOM) using 1-mm and 500-µm sieves to eliminate sediment and facilitate sorting. For the coarse mesh 
bags, aquatic invertebrates were from the CPOM and FPOM were combined to obtain species 
composition per sample. For all the leaf packs, the organic matter was dried at 55°𝐶 for at least 48h and 
reweighted to obtain dry mass (DM). Afterward, dried leaves were ground into a fine powder by milling 
at 25,000 rpm for 90 seconds (IKA® Tube Mill 100 control) and approximately 1 gram was burned at 
500°𝐶 for 1h to obtain ash-free dry mass (AFDM). This process allowed me to account for any mineral 
deposits that may bias final weights. Leaf mass loss and decomposition rates were calculated using an 
exponential decay model (Benfield 1996).  
Decomposition Calculations 
The mathematical equations used to estimate decomposition rates (Benfield 1996) are: 
(1) 𝑂𝑀𝑅 =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠−𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑠ℎ 𝑚𝑎𝑠𝑠
𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑟𝑦 𝑚𝑎𝑠𝑠
 
(2) 𝑂𝑀𝑅𝑓 = 𝑂𝑀𝑅0 𝑒
−𝑘𝑑 
(3) −𝑘𝑑−1 =
ln (𝑂𝑀𝑅)
𝑑
 
(4) −𝑘𝑑𝑑−1 =
ln (𝑂𝑀𝑅)
𝑑𝑑
 
The proportion of Original Mass Remaining (OMR) was calculated using formula (1). To calculate 
the decomposition rate by days (kd-1) I used an exponential decay model (2) were OMRf equals the final 
proportion of the OMR, OMR0 equals the initial mass and d equals days. Formula (3) is simply formula 
(2) multiplied by the natural logarithm and divided by d. To control for differences in temperature during 
the years and due to season (Autumn 2017, Spring 2018) in the exclusion experiment, the decomposition 
process days (d) were substituted by degree-days (dd) to obtain decomposition rate by degree-days (kdd-1) 
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(4). Degree days were obtained by the sum of the mean daily temperature in degrees Celsius over the 
sampling interval (Pereira et al. 2017). 
Statistical Analysis: 
Data were analyzed using R statistical software version 3.5.2 (R Development Core Team 2011). 
Data from the years 2012 and 2018 were excluded from the analysis.  The deployment of the monitoring 
station was after the conclusion of 2012 data collection; therefore, I lacked environmental data for the 
period. Data from 2018 for the exclusion experiment was collected during the spring season, thus I expect 
the environmental conditions will be too different and would require introducing season to the long-term 
analysis as a factor with only one year. However, both are presented in the descriptive statistics for 
comparisons. Thus, we only considered year 2013 through 2017 during Autumn season for this study. 
Environmental variables for these years were tested for assumptions of normality using the Shapiro-Wilks 
test on the residuals and homogeneity of variance using Levene test. Subsequently, temperature (°C), 
discharge (m3 s-1), oxygen saturation (DO%), dissolved oxygen (DO (mg L-1)), specific conductance (µS 
cm-1) and pH were tested for yearly differences using an Analysis of Variance (ANOVA) and a Tukey’s 
HSD posthoc test. After testing for mean differences, using the Hmisc package (Harrell Jr and Harrell Jr 
2019), a Spearman correlation matrix was built to reduce collinearity among independent variables. An R2 
of 0.70 or more was assumed to be correlated and one of the variables dropped from the analysis to 
account for covariation (Fernández et al. 2015). I used the change point package (Killick and Eckley 
2014) in R to determine changes in the slope of the historical discharge dataset (2003-2018) as well as a 
higher resolution including the study years (2012-2013). Additionally, due to not meeting parametric 
assumptions, the mean number of shredders per g of organic matter was tested for differences between 
years using a Kruskal-Wallis Test and a Mann-Whitney pairwise test.  
To determine the effects of the exclusion experiment I conducted a two-way Analysis of 
Covariance (ANCOVA) with decay rate by degree-days (kdd-1) as the response variable, with treatment, 
season, and the interaction treatment and season as fixed effects, and degree-days as a covariate 
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interacting with the fixed effects. Using degree-days as a covariate accounts for changes in temperature 
over season and time. After meeting the homogeneity of slope assumption, the interaction with the 
covariate was removed. The rest of the assumptions for the ANCOVA were tested and met. To determine 
whether the leaf decomposition process varied over the years of study, I conducted a one-way ANCOVA 
with kdd-1 as the dependent variable, year as a factor and degree days as a covariate. The same process 
was conducted as with the previous model except for having only one fixed effect. The one-way 
ANCOVA was followed with a posthoc test using the linear hypothesis function group = Tukey to 
determine which years were different from each other.  
Using the lmer function from the lme4 (Bates et al. 2007 p. 4) package in R, I fitted several linear 
mixed models to look at the relationship between decay rate by days (kd-1) and temperature, discharge, 
pH, and shredder abundance. Here we used k d-1 instead of kdd-1 as we are trying to estimate the effects of 
temperature rather than mask it. Data were scaled beforehand to normalize value ranges. As fixed effects, 
I entered a combination of temperature, discharge, pH, shredder abundance and interactions between them 
into the model and added year as a random effect. Residuals were posteriorly tested for normality using 
the Shapiro-Wilks test. Model selection was done with Akaike Information Criterion using a delta AIC 
(dAIC) of less than 2. Significance tests for each fixed effect were done automatically by the lmerTest 
package.   
RESULTS: 
Environmental variables:  
Significant differences were found for every environmental variable except temperature. For 
DO% posthoc analysis showed differences only between the year 2015 and the 2017 (Table 2.1). 
Respectively, these held the lowest oxygen saturation with 74.01% and 2017 the highest with 91.45% 
(Table 2.2). A similar pattern was found for dissolved oxygen (Table 2.1, 2.2). Differences were found for 
both pH and SpC (Table 2.1). However, in contrast with oxygen there were differences between multiple 
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years. For pH these differences were between the more basic years 2013 and 2016, with some values 
reaching 8.0, and the most acidic years, 2015 and 2017 (Table 2.2). Specific conductivity was found 
different for 2013, the year with the lowest value 101 µS cm-1, and 2014 and 2016 with values ranging 
from 126 to 130 µS cm-1 (Table 2.1).  Additionally, another low value year 2015 with 107.33 µS cm-1, 
was found to be different from 2014 (Table 2.2).  
Discharge also was shown to be change through the years (Table 2.1). Specifically, year 2015, 
with a ~239% higher discharge level, was found to be different from years 2014, 2016, and 2017 
(Table2.2). Examining the historical hydrograph, I found points of change in the slope coinciding with the 
years 2003 and 2013 (Figure 2.1a). However, when the resolution was augmented to consider my study 
years two periods of change were detected, the year 2013 where it changes twice and the end of 2015 and 
into 2016 only to change again after spring 2016 (Figure 2.1b). The number of shredders was also found 
to be significantly different (H = 12.74, p < 0.005) between years. The pairwise test revealed the year 
2013 to be significantly different from all the other years with ~1000 times the number of shredders 
relative to the amount found on the other years (2014-2015). Additionally, 2014 was significantly 
different from 2017, 2014 having ~10 times the number of shredders per g of organic matter in 
comparison (Table 2.3).  
The correlation matrix showed a negative relationship between temperature and oxygen 
saturation and temperature with dissolved oxygen (Table 2.4). As temperature increased, oxygen 
decreased.  As expected, dissolved oxygen and oxygen saturation were positively correlated (R2 18 = 0.91, 
p < 0.05). Discharge, like temperature, was also found to be negatively correlated with oxygen saturation 
(R2 18 = -0.61, p < 0.05). Additionally, as discharge increased, specific conductivity decreased (R2 18 = -
0.78, p < 0.05). Due to evident collinearity, DO (mg L-1) and SpC were dropped from the data analysis. 
Additionally, DO% was removed due to its collinearity with DO (mg L-1) in order to increase statistical 
power. In summary, only temperature, pH and discharge were taken into account in the Linear mixed 
model analysis.  
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Leaf Litter Decomposition Exclusion Results: 
The two-way ANCOVA showed significant differences between the coarse mesh bags and the 
fine mesh bags and between Autumn and Spring seasons (Table 2.5, Figure 2.2a, 2b). Regardless of 
season, the coarse mesh treatment exhibited the highest decomposition rate (~12% higher). If treatments 
are combined by season, Autumn exhibits ~46% higher decomposition rate than Spring (Table 2.3). 
When controlled for temperature due to season by using dd, each exhibited similar values (Table 2.3). 
Although kdd-1 appears to be the same, decomposition rates seemed higher overall during the fall season. 
Examining the treatments, it appears both show a higher decomposition rate during the fall season. 
Although, total degree-days were higher in spring, degree-days were higher in fall during the first three 
intervals.  Overall, degree-days, fine treatment, and spring season decreased decomposition rate. There 
was no significant interaction between the size of the mesh bag and seasons (Table 2.5). 
Leaf Litter Decomposition Yearly Results: 
I found that leaf litter decomposition varied across significantly years (one-way ANCOVA, F5-71 
= 68.68, p < 0.05; Table 2.5). The posthoc test revealed the differences were between the year 2013 and 
every other year. Additionally, 2014 and 2016 were grouped as different from years 2015 and 2017 
(Figure 2.3a, 3b).  Years 2013 and 2017 exhibited the highest decomposition rates while 2014 and 2016 
the lowest (Table 2.3). The highest decomposition rate overall in year 2013 is almost two times faster 
than the lowest decomposition rate (2014) translating into 285 days to 95% mass lost. In contrast 2014 
with a decomposition rate of 0.0067 up to 450 days until 95% mass loss.  
On the exclusion experiment, coarse mesh bag size was found to increase the leaf litter 
decomposition rate, alluding to a relative contribution to the process by macroinvertebrates. Therefore, we 
added shredders as an explanatory variable to the linear mixed model. Using a dAIC of less than two, 
only 1 mixed model was selected which included discharge, temperature and shredders and predictors 
kdd-1 (Table 2.6). A test on the residuals did not revealed any deviations from normality (W = 0.98011, p-
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value = 0.2701). Temperature and discharge were found to have a significant positive effect on the leaf 
decomposition process (Table 2.7). Temperature was responsible for an estimated effect on kd-1 0.008 
which would accelerate the process considerably (Figure 2.4). For example, an increase of 0.008 in 2014 
would mean that it would take only 204 days to 95% decomposition, 243 days faster than estimated 
presently. In contrast, discharge had a weak positive relationship with an estimated effect of 0.0001, only 
7 days faster for 2014 (Figure 2.4). Shredders were found to be marginally significant (t1-65 = 8.308, p = 
0.07; Table 2.7). Additionally, the interaction between temperature and discharge the interaction between 
discharge and shredders, and the interaction between all three were found to be significant Table 2.7. 
DISCUSSION: 
The goal of this study was to assess 5 years of leaf litter decomposition data in the Ogeechee 
River to determine predicting factors of decomposition rate considering environmental variability of 
temperature and discharge in conjunction with shredder abundance. Our exclusion experiment, as 
expected, revealed a contribution of the decomposition rate by the macroinvertebrates and differences by 
season (Figure 2.2). The expected environmental variability can explain the effect of the season. Even 
though I controlled for seasonal changes in temperature by using degree-days, several other factors such 
as the spring flood pulse were not considered (Meyer et al. 1997, Benke 2000). The role of 
macroinvertebrates in the leaf decomposition process has been well documented in the literature and their 
contribution to the process is known to increase with increasing latitude (Wallace and Webster 1996, 
Graça 2001, Ferreira et al. 2006, Boyero et al. 2011, Handa et al. 2014). This was evidenced further by 
my long-term data analysis which found temperature, discharge, and shredders to be predictors and to 
have a positive effect on leaf litter decomposition rates. Although shredders were only found to be 
marginally significant, we still believe them to be ecologically relevant for the process and important 
predictors of decomposition rate.  
Higher decomposition rates for the fall season are well-evidenced in the literature (Garden and 
Davies 1988, Graça et al. 2001) as well as previous leaf decomposition studies in the Ogeechee (Collins 
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2017). Therefore, there must be other factors driving the decomposition process such as the 
macroinvertebrate assemblage and or discharge. Higher discharge has been shown to increase the 
decomposition rate and has been related to the presence of shredders (Ferreira et al. 2006). In the 
Ogeechee River this functional group is mainly composed of the order Trichoptera (caddisflies) genera 
Netopsyche and the order Plecoptera (stoneflies) genera Taeniopteryx and Pteronarcys (Benke and 
Wallace 1997, Benke et al. 2001). In 2017 Plecopterans were the dominant shredder group. Taeniopteryx 
occurs around mid-September to mid-December (Stewart et al. 1976, Benke et al. 2001) while 
Pteronarcys occurs mainly in the spring. However, Pteronarcys individuals were not found in Autumn 
2017 nor in a previous leaf decomposition study conducted during Autumn and Spring 2014-15 at Rocky 
Ford Landing (Collins 2017). Thus, it seems that decomposition rates during the spring are mainly 
microbial and mechanically driven by discharge. Regardless of the difference in degree-days and 
discharge between the seasons, the differences in decomposition rate between coarse and fine mesh 
treatments during Autumn are likely driven by macroinvertebrates. This seems consistent with Boyero et 
al. (2011) study of latitude-adjusted decay rates for coarse and fine mesh bags (see Figure 2). For this 
study, I did not identify taxa for the fine treatments during Autumn and none for the Spring as this was 
only a proxy to determine whether shredders needed to be considered in the models built for the long-
term decomposition rate study.   
When I compared decomposition rates between years, 2013 exhibited the highest rate of 
decomposition which was likely driven by the relatively higher discharge than most years, excluding 
2015, and the highest number of shredders (Table 2.2). However, this value is is similar to those reported 
before for water oak (Webster and Benfield 1986, McArthur et al. 1994, Newman et al. 2015). The 
historical hydrograph (Figure 1a) shows a point of inflection in the slope at 2013 after a 3-year drought 
period and if I look at the higher resolution hydrograph for the study years (Figure 1b) I also find a point 
of change around 2015-2016. This potentially explains the differences between the groupings of 2016 and 
2014 as different from years 2015 and 2017. Furthermore, when comparing 2013 with 2012, a year 
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excluded from the study, 2012 had an even higher decomposition rate, higher temperature, lower 
discharge, and no shredders. Thus, the year 2013 can be considered a post-disturbance year (Resh et al. 
1988, Lake 2000, Monroy et al. 2017).  
 My model revealed the leaf decomposition process to be dependent on temperature, discharge, 
number of shedders and the interaction between these factors. Temperature drives microbial metabolism 
within the system which in turn drives leaf litter decomposition. The effect of temperature in 
decomposition rate has been well documented (e.g. Baldy et al. 1995, Ardón and Pringle 2008, Boyero et 
al. 2011, Graça and Poquet 2014, among others). The Ogeechee specifically, is a highly heterotrophic and 
slow flowing stream were respiration exceeds primary production (Meyer et al. 1997). However, higher 
rates of discharge were also found to be a predictor of higher decomposition rate. Studies have shown 
mixed results for discharge as a predictor for decomposition rate (e.g., Ferreira et al. 2006, Boyero et al. 
2011, Mollá et al. 2017). To contrast with another study at the same site, Collins (2017) compared 
Autumn 2014 and Spring 2015 and did not find any effect of discharge in leaf litter decomposition rates. 
Boyero et al. (2011) did not find any latitudinal patterns for decomposition rates related to discharge. In 
contrast, Mollá et al. (2017) found that the contribution of discharge to decomposition rates varied with 
ecoregion and that it decreased with stream order. Although we found a discharge effect, Rocky Ford is a 
mid-order stream with slow flowing water, so minimal contribution by discharge to the decomposition 
process is expected. Shredders were found to be only marginally significant which may be explained by 
the lower abundances in lower reaches (Mollá et al. 2017). However, the year with the highest number of 
shredders also exhibited the highest decomposition rate. Although not for certain, the interaction between 
discharge and temperature may be explained by the depth and temperature stratification (Harms and 
Fahnestock 1960). The interaction between discharge and shredders may be explained by scouring and 
the three-way interaction by the transition between the fall and winter as overall discharge begins to 
increase, temperatures to lower, and number of shredders collected increased or simply burial of the 
samples (Benfield et al. 2001). Correlated factors not considered in the model may also contribute to all 
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these interactions (Benfield et al. 2001). Conducting the long-term leaf decomposition experiment could 
reveal the underlying factors responsible for these interactions.    
In complex ecological systems, it is necessary to understand the range of natural variability and 
how this variability affects ecosystem processes (Kratz et al. 2003). Long-term studies are key to achieve 
this.  Especially under the predicted disturbances that come with climate change on stream ecosystems 
(Buzby and Perry 2000, Kratz et al. 2003, Graça and Poquet 2014, Monroy et al. 2017). Here I show how 
the leaf litter decomposition process varies between multiple years, within the same season, and in the 
same system. I recognize that microbial decomposition is still the most important factor. During the 6 
years, including 2012, we showed variability in the process at the end of a drought period, a transition 
year (2013), and a more stable period (2014-2017). When we look at it in the context of climate change 
can predict fluctuations in the leaf litters decomposition rate with an increase during drought periods 
likely due to an increase in temperature and subsequently microbial activity. However, my model reveals 
additional factors such as discharge, and the number of shredder s to also be important for the process. 
Although we found a discharge effect, data on extreme flooding events and its effect on the leaf litter 
decomposition process needs to be collected. Additionally, I understand the limitations of this model. 
Thus, I’m not making any assumptions on the decomposition process for the spring season or 
generalizations beyond the scope of the experiment. Furthermore, to my knowledge, this is the first study 
to assess leaf decomposition on a long-term (5-year) basis for a Southeastern Coastal Plain river. 
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TABLES  
Table 2.1: ANOVA Summary statistics for test of means on the environmental 
variables by year. P < 0.05 were considered significant and are shown in bold.  
Factor DF Sums Squares Mean Squares F value p  
Temperature (°C) 4 46.26 11.57 0.807 0.540 
DO % 4 621.90 155.48 4.256 0.017 
DO (mg L-1) 4 15.46 3.865 4.109 0.019 
SpC (µS cm-1) 4 2519.00 629.8 6.056 0.004 
pH 4 4.18 1.0453 10.61 0.000 
Discharge (m3 s-1) 4 274.80 68.7 6.124 0.004 
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Table 2.2: Environmental data by year and season. Each column on the upper half shows the means ± the 
standard deviation. Year 2012 was excluded from the analysis but was included for comparisons. The data 
from Spring of 2018 is shown for comparison with year 2017, the years we ran the exclusion experiments. 
Lower half includes de coefficient of variation for all the years except 2018.  
Year Season 
Temperature 
(°C) 
DO% 
DO  
(mg L-1) 
SpC 
(µS cm-1) 
pH 
Discharge 
(m3 s-1) 
2012 Autumn 23.01(±2.88) - - - - 5.88(±3.91) 
2013 Autumn 18.80(±3.31) 80.46(±5.47) 7.53(±1.01) 100.91(±4.39) 7.84(±0.38) 10.71(±2.53) 
2014 Autumn 21.06(±3.96) 81.98(±7.06) 7.42(±1.26) 130.31(±0.66) 7.24(±0.24) 6.05(±1.27) 
2015 Autumn 20.37(±2.50) 74.01(±7.03) 6.71(±0.44) 107.33(±14.03) 6.60(±0.17) 16.10(±5.51) 
2016 Autumn 21.07(±3.72) 81.90(±6.85) 7.34(±1.13) 126.01(±13.90) 7.50(±0.20) 6.81(±3.84) 
2017 Autumn 17.13(±4.99) 91.45(±2.57) 9.33(±0.81) 110.90(±10.50) 6.76(±0.47) 7.37(±1.75) 
2018 Spring 19.74(±2.94) 73.45(±9.45) 6.64(±1.19) 97.45(±11.24) 7.36(±0.43) 29.28(±3.69) 
Coefficient of 
variation  
10.07 7.61 12.82 10.90 7.11 45.09 
26 
 
 
Table 2.3: Table depicting yearly decomposition rates, total degree days and shredder abundance. Top half of the table shows the exclusion 
experiment followed by the coefficients of variance for all the decomposition rates within the experiment. Lower half of the table depicts 
the yearly decomposition rates. Year 2012 was excluded from the analysis but was included for comparisons. Coefficients of variance 
shown below the lower half do not include year 2012. 
Year Treatment Season k(d-1) k(dd-1) Total degree-days (°C) Shredders (No. ind g omr -1) 
2017 Coarse Mesh Fall 0.0081(±0.0026) 0.0004(±0.0001) 959.55 - 
2017 Fine Mesh Fall 0.0069(±0.0025) 0.0003(±0.0001) -  
2018 Coarse Mesh Spring 0.0053(±0.0014) 0.0003(±0.0001) 1105.25 - 
2018 Fine Mesh Spring 0.0050(±0.0016) 0.0003(±0.0001) -  
Coefficient of variation  22.56 14.46 - - 
2012 Coarse Mesh Fall 0.0135(±0.0046) 0.0005(±0.0001) 1314.59* 0 
2013 Coarse Mesh Fall 0.0105(±0.0027) 0.0005(±0.0001) 1074.54 2.89(±1.89) 
2014 Coarse Mesh Fall 0.0066(±0.0020) 0.0003(±0.0001) 1116.71 0.50(±0.24) 
2015 Coarse Mesh Fall 0.0076(±0.0024) 0.0003(±0.0001) 1140.67 0.21(±0.34) 
2016 Coarse Mesh Fall 0.0068(±0.0022) 0.0003(±0.0001) 1180.03 0.34(±0.37) 
2017 Coarse Mesh Fall 0.0081(±0.0026) 0.0004(±0.0001) 959.55 0.09(±0.08) 
Coefficient of variation  19.72 23.14 - 145.98 
27 
 
Table 2.4: Spearman correlation matrix for environmental variables. Top half of the table 
shows the R2. Lower half of the table shows p values with P < 0.05 considered significant and 
shown in bold. An R2  > 70 was used as a threshold to remove collinear variables. DO% was 
also removed due to the high correlation with DO (mg L-1). 
 
Temperature 
(°C) 
DO% DO 
(mg L-1) 
SpC 
(µS cm-1) 
pH Discharge 
(m3 s-1) 
Temperature (°C) - -0.50 -0.73 0.37 0.05 -0.00 
DO% 0.024 - 0.91 0.29 0.14 -0.61 
DO (mg L-1) 0.000 0 - 0 0.04 -0.41 
SpC (µS cm-1) 0.112 0.215 0.995 - 0.22 -0.78 
pH 0.835 0.565 0.855 0.363 - -0.38 
Discharge (m3 s-1) 0.905 0.004 0.070 0.000 0.095 - 
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Table 2.5: Summary statistics for the ANCOVA comparing leaf litters decomposition 
rates on the macroinvertebrate exclusion experiment and the yearly comparison of leaf 
litter decomposition rates.  
Factor DF Sum Squares Mean Squares F value p 
Exclusion experiment 
Degree-Days  1 0.00000024 0.00000024 68.761 0.000 
Treatment 1 0.00000001 0.00000001 4.239 0.044 
Season  1 0.00000008 0.00000008 24.502 0.000 
Treatment*Season  1 0.00000001 0.00000001 1.705 0.197 
Yearly comparison 
Degree-Days  1 0.00000036 0.00000036 159.760 0.000 
Year 4 0.00000038 0.00000010 42.160 0.000 
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Table 2.6: Linear Mixed Model Selection using a delta AIC (dAIC) < 2. Only one model 
was selected (shown in bold).  
Model  dAIC df weight Residuals 
Temperature*Discharge*Shredders+(1|year) 0 10 0.9932 -814.8 
Temperature*Discharge*Shredders*pH+(1|year) 10.7 18 0.0048 -820.2 
Temperature*Discharge*pH+(1|year) 12.5 10 0.0019 -802.3 
Temperature*Discharge+(1|year) 23 6 <0.001 -783.9 
Temperature+(1|year) 23.9 4 <0.001 -778.9 
Temperature+Discharge+Shredder+pH+(1|year) 25.6 6 <0.001 -781.3 
Temperature*Shredders+(1|year) 25.7 6 <0.001 -781.2 
Temperature*Shredders*pH+(1|year) 26.7 10 <0.001 -788.1 
Discharge*Shredders*pH+(1|year) 64.7 10 <0.001 -750.2 
Discharge*Shredders+(1|year) 76.2 6 <0.001 -730.6 
Discharge*pH+(1|year) 85.2 6 <0.001 -721.6 
Shredders*pH+(1|year) 87.8 6 <0.001 -719.1 
Shredders+(1|year) 91.1 4 <0.001 -711.7 
1+(1|year) 99.9 3 <0.001 -700.9 
pH+(1|ye) 101.1 4 <0.001 -701.7 
Discharge+(1|ye) 101.4 4 <0.001 -701.4 
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Table 2.7: Summary statistics for the selected linear mixed model. P < 0.05 were considered 
significant and are shown in bold. 
Factor Estimate Std. Error DF t value p 
Intercept  0.0080 0.0007 5.21 11.824 0.00 
Temperature  0.0024 0.0003 62.73 8.308 0.00 
Discharge  0.0011 0.0003 59.73 3.459 0.00 
Shredders  0.0014 0.0007 25.59 1.877 0.07 
Temperature*Discharge  0.0021 0.0005 70.49 4.557 0.00 
Temperature*Shredders  0.0001 0.0004 67.26 0.349 0.73 
Discharge*Shredders   0.0033 0.0005 60.04 6.035 0.00 
Temperature*Discharge*Shredders  0.0029 0.0009 76.15 3.051 0.00 
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FIGURES  
 
Figure 2.1: Historical discharge data at Rocky Ford Landing. Red line shows mean discharge through the 
years. Dash lines mark years were the slope within the timeseries changed. (a) This timeseries includes 
discharge data from 2003 to 2018 and show points of inflection in 2003 and 2013. (b) This timeseries 
shows inflection points in year 2013 and year 2016.   
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Figure 2.2: Decomposition rates for the exclusion experiment. Differences were found for both 
Treatment and Season. (a) Line graph showing decomposition rate by degree days in the y axis and 
degree days in the x axis to control for temperature differences. Different colors show different treatments 
and seasons. (b) Bar graph showing mean decomposition rate by days with standard deviation error bars.  
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Figure 2.3: Yearly decomposition rates. Significant differences were found between several years (a) 
Line graph showing decomposition rate by degree days in the y axis and degree days in the x axis to 
control for temperature differences. Different colors show different years. (b) Bar graph showing mean 
decomposition rate by days with standard deviation error bars. Significant differences are shown by 
different capital letters on top of each bar.  
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Figure 2.4: Estimated effects for linear mixed model. (a) Temperature and (b) discharge were found to be 
significantly different. (c) Shredders were found to be only marginally significant. Each plot shows the 
trend of the effect and the effect size.  
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CHAPTER 3 
ASSESSMENT OF THE MACROINVERTEBRATE COMMUNITY ASSOCIATED WITH 
   THE DECOMPOSITION PROCESS 
INTRODUCTION: 
Disturbance is defined as an event were an ecosystem, population, or community potentially 
affected by a damaging force (Lake 2000). Such force can result in the disruption of habitat structure, 
ecosystem processes and mortality or displacement of organisms (McCabe and Gotelli 2000, Lake 2000, 
Riseng et al. 2004). Lake (2000) classified the types of stream disturbances by the magnitude of potential 
damage, where: a pulse is a short-term sharp disturbance (e.g. floods), a press is a type of disturbance that 
raises sharply and maintains a new constant regime (e.g. dams, channelization, pollution), and ramps, 
which increase steadily through time without an endpoint or reach an asymptote after an extended period 
of time (e.g. drought). Floods (pulses) and drought (ramps) are major forms of disturbance that are 
predicted to increase in frequency with climate change and that are known to lead to changes in stream 
ecosystems and its macroinvertebrate communities (Resh et al. 1988, Lake 2000, Hershkovitz and Gasith 
2013). Additionally, long-term data looking at the recovery of macroinvertebrate communities post 
drought  is lacking (Boulton and Lake 2008). 
Historically, leaf breakdown has been used as a tool for assessing long-term responses to 
anthropogenic disturbances due to changes in the assemblage of macroinvertebrates that colonize leaf 
packs (Benfield 1996). Many studies have looked at how in-stream diversity associated with leaf litter can 
be affected by environmental variability and disturbance (Graça 2001, Petrin et al. 2007, Gessner et al. 
2010, Hogsden and Harding 2012, Al-Shami et al. 2013, Hershkovitz and Gasith 2013, Boehme et al. 
2016, among others). Additionally, climate change, a factor related to changes in water temperature and 
precipitation, in has been linked to a potential decline in macroinvertebrate abundance of 21% for every 
1°C rise in temperate systems, potentially leading to local extinction of rare taxa (Durance and Ormerod 
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2007). Assessing the predicted impact of climate change can be complicated as assemblage structure in 
natural conditions is controlled by multiple confounding factors (Dangles and Malmqvist 2004). 
Therefore, long-term studies are necessary to understand the effect environmental variation can have on 
macroinvertebrate community structure and subsequently, ecosystem functions (Kratz et al. 2003, 
Dangles and Malmqvist 2004).  
Changes in species abundances and functional feeding groups can have an effect on ecosystems 
processes (Benfield et al. 2001, Graça 2001, Dangles and Malmqvist 2004, Gessner et al. 2010). Benthic 
macroinvertebrate assemblages are known to play an important role in the leaf decomposition process 
(Petersen and Cummins 1974, Graça 2001, Ferreira et al. 2006, Boyero et al. 2011). The shredder 
functional feeding group dominated by the Trichoptera and Plecoptera order have been heavily associated 
with this process (Benke et al. 2001, Graça 2001, Bruder et al. 2014). Other groups, such as scrapers and 
collector-gatherers, have also been attributed importance in organic matter decomposition (Dangles and 
Malmqvist 2004, Gonçalves Jr et al. 2012). Greater species richness has been generally associated with 
greater leaf decomposition (Jonsson and Malmqvist 2000, Gessner et al. 2010).However, Dangles and 
Malmqvist (2004) found that in a community dominated by a fewer species among shredder functional 
groups, rather than an even composition, accelerated the decomposition process. Additionally, the 
presence of only a single species of shredder at one site was found to account for 50% of the 
decomposition rate. The community associated with the process can be dynamic and associated with 
several environmental factors such as temperature, discharge, increases in nutrients among others.  
Spatiotemporal assessment of instream communities will help us understand the response to disturbances 
that alters environmental conditions and its consequences to the organic matter processing (Gessner et al. 
2010).  
The Ogeechee River is located in the Southeastern Coastal Plain. Autumn is important in the 
context of leaf decomposition and macroinvertebrate consumers as this season is responsible for the most 
leaf litter inputs into the streams (Mehring et al. 2014). Generally in streams, Autumn tends to be the most 
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variable of all the seasons in respect to discharge, although it never reaches discharge levels as high as 
those seen in the winter and spring or as low as those seen in the summer (Resh et al. 1988). From 2010 
through 2012 the Ogeechee River experienced a distinguishable drought period which led to perceived 
changes in the macroinvertebrate community and the leaf decomposition process (Figure 2.1). Predictions 
state that there will be an increase in frequency and magnitude of these type of disturbance events in 
Georgia  (Lake 2000, Hershkovitz and Gasith 2013, Graça and Poquet 2014). Community resistance and 
resilience will play an important part in the preservation of ecosystem functions (Miller et al. 2007, 
Hershkovitz and Gasith 2013).   
The objective of this chapter was to quantify changes in the macroinvertebrate assemblage 
structure associated with the leaf decomposition process in a long-term context. Furthermore, I examined 
how species composition changes with environmental factor such as discharge, temperature, dissolved 
oxygen, pH and specific conductivity. To achieve this, I analyzed species composition within water oak 
leaf packs collected for 5 years, 2013-2015. Finally, I observed which taxa were responsible for the 
dissimilarities between years. Droughts are considered ramp type disturbances than can lead to an 
indefinite shift in the community depending on the duration. However, considering 2010-2012 was a 3-
year drought period, I predicted that the macroinvertebrate assemblage would behave similar to a press 
type disturbance, where once the disturbance is over it will start shifting to a different stable regime (Lake 
2000).   
METHODS: 
Macroinvertebrate Assemblages: 
Every Autumn from 2012 to 2017, a leaf litter experiment was deployed at Rocky Ford Landing at the 
Ogeechee River. Environmental data including temperature, oxygen saturation (DO %), dissolved oxygen 
(DO (mg L -1)), pH, specific conductivity (SpC (µS cm-1)) and discharge was collected along with each 
deployment. During each year, sixteen leaf packs were deployed and collected in four 14 days intervals. 
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Once the leaf packs were processed into Coarse Particulate Organic Matter (CPOM) and Fine Particulate 
Organic Matter (FPOM) (see Chapter 2 Methods), rose Bengal dye was added as a stain to facilitate 
macroinvertebrates sorting. Macroinvertebrates were identified to the lowest feasible taxonomic level 
(usually genera for insects and order or family for non-insects). Organism too immature to identify (e.g., 
first instars) were excluded from the analysis. Additionally, all Chironomidae taxa were grouped together 
due to lack of resolution in the early years of the study (Chironominae and Orthocladinae grouped 
together) except for Tanypodinae, a known predatory subfamily. The CPOM portion was entirely 
processed by use of a dissecting microscope. The FPOM portion, depending on the abundance in the 
sample, was subsampled into a ½ or ¼ fraction using a Folsom splitter (Wildco®) and then processed. 
Once processed, FPOM values were multiplied by the inverse of the fraction of the subsample. Taxa from 
the CPOM and FPOM from each sample were pooled together and averaged per sampling interval to 
obtain and n = 4 per year. Abundance, richness, orders, and functional feeding groups were quantified for 
every sampling interval per year. Abundances were standardized by grams of Original Mass Remaining 
(OMR). The year 2012 was excluded from the analysis due to a lack of environmental data, but still 
included in data Tables 3.1, 3.2, and 3.3 for comparison. 
Community Analysis: 
I tested for differences in mean abundance and richness of invertebrates across years. If assumptions were 
met an ANOVA and Tukey HSD posthoc was used to compare them. Otherwise, a Kruskal-Wallis 
nonparametric test and pairwise Mann-Whitney U test was conducted. Community composition was 
analyzed using the vegan package (Oksanen et al. 2013) in R statistical software version 3.5.2 (R 
Development Core Team 2011). Data were organized into yearly assemblages and functional feeding 
groups. Both were square-root transformed to reduce the effect of dominant taxa (Heino 2008).  A non-
metric Multidimensional Scaling (nMDS) ordination was constructed using Bray-Curtis distances with 
species presence and abundance per year.  Subsequently, five environmental variables, Temperature, 
discharge, pH, specific conductivity, DO% were fitted by the environmental fit unconstrained method into 
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the ordination to determine which variables were correlated with the variability among assemblage 
distance. Following this, I ran a PERMANOVA with the correlated environmental factors and year as 
independent variables to determine whether assemblage structure was different across the years and 
whether the environmental variables explained species composition. PERMANOVA detects both, 
between groups differences and within group differences (Anderson and Walsh 2013). Hence, a 
PERMDISP test for beta dispersion was conducted to assess the assumption of homogeneity of dispersion 
(within year variation) between the years. Additionally, functional feeding groups were evaluated by 
years with PERMANOVA. A similarity percentages analysis (SIMPER) was done to determine which 
taxa are responsible for assemblage structure dissimilarities between years.  
RESULTS 
In this study, we considered 31,634 individuals (33,933 including 2012) and a total of 73 distinct taxa 
including genera, family, order, tribe, and class (Appendix A). Abundance data met the assumption of 
homogeneity of variance (F4-15 = 1.3006, p = 0.3142) and normality on the residuals (W = 0.95964, p = 
0.5368). An ANOVA followed by a Tukey HSD posthoc test revealed significant differences across years 
(F4-15 = 5.112, p < 0.05). There were three groupings, 2013 and 2015, 2014 and 2017, and 2016 by itself 
(Figure 3.1a). The highest mean abundance was found for 2016 with 76.58 No. ind./g omr ± SD 34.54, ~4 
times higher than the lowest abundances in 2013 and 2015, the years with the highest discharge (Table 
3.1).  The years 2014 and 2017 exhibited intermediate abundances only around ~2.5 times higher than the 
lowest abundances (Table 3.1). Richness met the assumption of normality but did not exhibit 
homogeneity of variance. We found differences in mean richness across the years (H = 13.67, p < 0.05). 
The year 2013, the post drought years, had the lowest richness followed by a spike in 2014 ~2.4 times 
higher (Table 3.1; Figure 3.1b). Subsequently, a more stable period followed 2014 the following years 
with 2015, 2016 and 2017 exhibiting similar richness values (~2 times higher) relative to 2013 (Table 3.1; 
Figure 3.1b). Dipterans with an average relative contribution of ~65%, and Plecopterans and gastropods 
with an average relative contribution of ~12% were the most relatively dominant taxa overall throughout 
40 
 
the years (Table 3.2; Figure 3.2).  Functional feeding groups were dominated by collector-gatherers with 
an average relative contribution of ~55% and ~23% for scrapers throughout the years (Table 3.3; Figure 
3.3). Relative functional feeding group abundances appear consistent (Figure 3.3), however it is 
noteworthy to mention that 2013 contained the highest number of shredders with a relative contribution of 
~12%, 12 times higher than the average for all other years (Table 3.3; Figure 3.3).  
Twenty iterations were completed for the NMDS indicating the three-dimensional solution to be the best 
fit with a stress of 0.07736 (Figure 3.4). The environmental fit of the variables on the NMDS showed a 
significant correlation between the assemblage distances and three of the variables, pH (R2 = 0.46, p < 
0.05), specific conductivity (R2 = 0.44, p < 0.05) and discharge (R2 = 0.37, p < 0.05) (Figure 3.4). The 
PERMANOVA showed differences for the insect communities between years (F4,19 = 4.9324, p < 0.05).  
Additionally, all three variables, discharge (F1,19 = 4.4459, p < 0.05), pH (F1,19 = 20.0331, p < 0.05), and 
specific conductivity (F4,15 = 14.3317, p < 0.05) explained differences between these years. The 
PERMDISP test shows differences for homogeneity of dispersal (within stream variation) between year 
2013 and the rest of the years (F4,15 = 6.7582, p < 0.05). The PERMANOVA for the functional feeding 
groups did not find any different patterns across years.  
The SIMPER found an overall average dissimilarity in species composition across years of 57.91%. 
These differences were driven mainly by Chironomidae (excluding Tanypodinae), the most abundant 
taxa, with a 32.23% followed by the Gastropod families Ancylidae and Hydrobidae. for a cumulative 
48%. These were also the most dominant groups throughout the years, so the annual assemblage 
dissimilarities are tied to changes in their abundance. Afterward, we get the groups Neoperla (Plecoptera), 
Meccafertium (Ephemeroptera) and Tanypodinae (Chironomidae) for a cumulative dissimilarity of 64.7% 
(Table 3.5). The years 2013 and 2015 showed the most dissimilarities with other years ranging from 
58.32% to 70.53% (Table 3.4). Pairwise SIMPER results can be found in Appendix B.  
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DISCUSSION  
The main findings of this study reveal a difference in species composition within the leaf packs 
throughout time (years) (Figure 3.1). We also found that these differences are linked to discharge, stream 
pH, and specific conductivity. Abundances of invertebrates collected from leaf litter were also 
significantly different across years, which was most likely driven by discharge (Gomi et al. 2010), a 
factor linked to species composition and found to be similar for both years with the lowest abundances 
(Table 3.1). Richness was significantly different across sampling years and found the lowest for 2013, 
which was likely a result of the 3-year drought that occurred prior to the start of our experiment (Table 
3.1). When compared to 2012, a year excluded from the study, we find similar abundances. It is likely 
that 2013 is a transition year between the drought and a more stable period when stream flow was re-
established. The following year, 2014, was the richest, alluding to a post disturbance species 
coloniza.tion. Although we found heterogeneity of dispersion of species composition between 2013 and 
most of the subsequent years (2015, 2016 and 2017), this is due to likely due to species turnover from a 
drought period to a more stable period (Korhonen et al. 2010). Functional feeding groups retain the same 
relative pattern across the years which may be an indication of redundancy within the system. Hence it 
seems our data matches our predictions of the drought  in this case behaving as a press rather than a ramp 
disturbance.   
Our species composition across years was found to be around ~60% dissimilar, comparable to 
(Laymon 2018) findings in a longitudinal study of leaf litter where she found Diptera to dominate the 
species composition with an average dissimilarity of 56% largely composed of Chironomidae taxa (Order 
Diptera). This taxon is known to occur at high density at the Ogeechee River (Benke et al. 2001), 
however, has little direct involvement in the decomposition process itself. In 2013, the year with the 
higher decomposition rate (Table 2.3) exhibited the highest number of shredder taxa belonging only to a 
single genus, Leptocerus spp., (Table 3.3) a contributor to the dissimilarity between 2013 and the rest of 
the years (Table 3.5). Gastropods, mainly from the scraper group, were also consistently a factor of 
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differences between years, however, there were not abundant during 2013 nor 2015, the years with the 
highest discharge. Oligochaeta follows with similar patterns as Gastropods. Overall the community 
associated to the leaf litter is consistent and fluctuation in abundances in dominant taxa explain 
dissimilarities in Laymon (2018) and this study (Table 3.5, Appendix B). 
The discharge was found to impact species composition across the years (Table 3.1). The impact 
flooding has on the macroinvertebrate community depends on the context. In the Ogeechee River, the 
seasonal flood pulse has influenced the life history of aquatic taxa. In Autumn, the most variable of the 
seasons, changes in streamflow and water level are important in the system because flood events of high 
magnitude can reduce invertebrate density significantly (Lake 2000, Hershkovitz and Gasith 2013), while 
our data suggests that intermediate levels may support the highest quantity of invertebrate diversity. The 
reduction in invertebrates in response to high levels of flooding, whether caused by dilution, avoidance, 
drift, or pre-flood responses, needs to be dilucidated (Hershkovitz and Gasith 2013). Differences in 
species richness, abundances, orders and functional feeding groups have also been related to deviations 
from a neutral pH (7.00) (Feldman and Connor 1992, Herrmann et al. 1993, Petrin et al. 2007, Al-Shami 
et al. 2013). For example, Kimmel et al. (1985) found a decrease in macroinvertebrate abundance, 
densities, diversity, and a lower rate of decomposition with a more acid pH. In another study, Petrin et al. 
(2007) documented an increase in Trichoptera taxa with a more basic pH in streams in southern Sweden. 
However, the Ogeechee River in contrast to other blackwater rivers, due to an effluent of spring water 
maintains a neutral pH and although, we found pH to be an explanatory factor for species composition, 
there is only ~7% variation throughout the years. Specific conductivity can be an indicator of dissolved 
nutrients in the water which has been previously shown to have an impact in macroinvertebrate 
assemblage structure (Bruder et al. 2014). Some studies have even found a negative correlation with this 
parameter and macroinvertebrate abundance (Johnson et al. 2013). However, values recorded during 
sampling periods seem to be acceptable for the southeastern coastal plain with a reported average of  < 
200 µS cm-1 (Griffith 2014) and our data suggest a positive correlation with increasing specific 
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conductivity in the Ogeechee. It is likely that differences in species composition throughout the years are 
due to an effect of discharge and to determine whether pH and specific conductivity due have an effect, 
continuation of the long-term study is necessary.   
In the previous chapter we looked at the leaf litter decomposition process and how it varied over 
time and found out that the presence of shredders, although not a strong effect or clear effect, seems to 
influence the decomposition process at the Ogeechee River. In this chapter, we looked at the whole 
species composition associated with the decomposition process. It seems that in 2013 the community was 
less diverse and abundant in comparison to the following years. We attribute this to a lag effect in the 
recovery of macroinvertebrate richness and abundance were 2013 was a transition year between a drought 
period (2010-2012) and a stable period (2014-2017) (Resh et al. 1988, Lake 2000, Korhonen et al. 2010). 
We recognize that this work is not conclusive as a long-term assessment of the macroinvertebrate 
assemblage structure as we only consider one post-disturbance year. Species response in future 
disturbance event might lead to a different conclusion. However, looking at 6 years of data, including 
2012, under a climate change scenario we can predict for rivers in Georgia, a decrease in 
macroinvertebrate abundance in both drought and flood events and a significant decrease in richness in 
drought events. Finally, I believe the continuation of long-term studies that asses the macroinvertebrate 
communities, the leaf decomposition process along with its drivers are necessary to understand the 
process in a context of disturbance brought by climate change.  
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TABLES:  
Table 3.1: Mean abundance plus standard deviation of and richness per year. Variables found to be 
correlated with the species composition variability are included. Coefficients of variance shown below 
the lower half do not include year 2012. *Year 2012 not included in the analysis. Only included for 
comparison.   
Year Abundance  
(ind/g) 
Richness  
(no. of species) 
SpC 
(µS cm-1) 
pH 
Discharge 
(m3 s-1) 
2012* 18.62(± 11.48) 15.50(± 4.36) - - 5.88(±3.91) 
2013 23.56(± 12.43) 15.50(± 0.58) 100.91(±4.39) 7.84(±0.38) 10.71(±2.53) 
2014 54.46(± 14.58) 37.25(± 2.22) 130.31(±0.66) 7.24(±0.24) 6.05(±1.27) 
2015 18.65(± 16.70) 30.75(± 6.29) 107.33(±14.03) 6.60(±0.17) 16.10(±5.51) 
2016 76.58(± 34.54) 30.25(± 2.22) 126.01(±13.90) 7.50(±0.20) 6.81(±3.84) 
2017 48.83(± 19.12) 29.25(± 2.99) 110.90(±10.50) 6.76(±0.47) 7.37(±1.75) 
Coefficient of 
variation 
64.57 27.70 10.90 7.11 45.09 
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Table 3.2: Mean abundance plus standard deviation of major orders and class gastropoda per year. Coefficients of 
variance shown below the lower half do not include year 2012. *Year 2012 not included in the analysis. Only 
included for comparison.   
Year Odonata 
(ind/g) 
Ephemeropter 
(ind/g) 
Plecoptera 
(ind/g) 
Trichoptera 
(ind/g) 
Coleoptera 
(ind/g) 
Diptera 
(ind/g) 
Gastropoda 
(ind/g) 
2012* 0.15(±0.28) 0.76(±1.51) 0.12(±0.22) 0.13(±0.33) 0.40(±0.68) 3.34(±6.21) 4.77(±12.89) 
2013 0.01(±0.02) 1.60(±4.22) 0.92(±1.60) 0.85(±2.81) 0.15(±0.30) 10.36(±22.22) 0.39(±0.72) 
2014 0.38(±0.69) 2.04(±2.79) 0.10(±0.15) 0.76(±1.40) 0.36(±0.68) 20.61(±38.18) 5.97(±7.73) 
2015 0.00(±0.01) 0.75(±1.43) 3.77(±3.00) 0.32(±0.37) 0.27(±0.69) 7.61(±14.31) 0.69(±0.94) 
2016 0.03(±0.08) 2.19(±3.59) 2.67(±4.58) 1.25(±2.42) 0.29(±0.74) 30.26(±60.80) 10.45(±17.96) 
2017 0.01(±0.02) 0.90(±2.13) 6.47(±7.82) 1.79(±3.75) 0.16(±0.39) 21.25(±44.02) 2.82(±3.85) 
Coefficient 
of Variation  
186.46 43.56 90.23 55.96 36.62 50.73 103.57 
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Table 3.3: Mean abundance plus standard deviation of functional feeding groups per year. Coefficients of variance 
shown below the lower half do not include year 2012. *Year 2012 not included in the analysis. Only included for 
comparison.   
Year Shredders 
(ind/g) 
Scrappers 
(ind/g) 
C-filterers 
(ind/g) 
C-gatherers 
(ind/g) 
Predators 
(ind/g) 
Unknown 
(ind/g) 
2012* 0.00(± 0.00) 10.81(± 2.43) 0.01(±0.03) 5.61(± 7.07) 1.40(± 0.60) 0.29(± 0.29) 
2013 2.89(± 1.89) 4.26(± 2.11) 0.22(± 0.18) 13.37(± 7.37) 1.83(± 1.83) 0.25(± 0.31) 
2014 0.50(± 0.24) 13.85(± 4.43) 2.89(± 2.82) 30.89(± 7.91) 5.85(± 1.35) 0.24(± 0.31) 
2015 0.21(± 0.34) 3.45(± 2.25) 1.18(± 0.91) 10.01(± 10.19) 2.15(± 1.26) 0.28(± 0.27) 
2016 0.34(± 0.37) 26.96(± 14.93) 1.32(± 1.68) 42.58(± 18.17) 5.23(± 3.33) 0.16(± 0.04) 
2017 0.09(± 0.08) 7.96(± 1.78) 7.12(± 4.40) 26.81(± 14.80) 5.67(± 3.41) 0.19(± 0.03) 
Coefficient 
of variation  
165.64 96.60 135.3 66.48 70.01 86.66 
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Table 3.4: SIMPER results showing average percent dissimilarity between years. 
Year 2013 2014 2015 2016 
2013 
    
2014 60.02 
   
2015 60.45 66.58 
  
2016 66.86 40.99 70.53 
 
2017 58.32 46.49 62.94 45.88 
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Table 3.5: SIMPER results showing average dissimilarities by taxa with a 80% cumulative contribution cutoff. 
Mean individuals per gram by year included. 
Taxon Av. 
dissim 
Contrib. % Cumulative 
% 
Mean 
2013 
Mean 
2014 
Mean 
2015 
Mean 
2016 
Mean 
2017 
Chironomidae  18.66 32.23 32.23 12.5 22 8.28 34.7 25 
Hydrobiidae 5.328 9.201 41.43 0 1.82 0.413 12.8 1.96 
Ancylidae 3.802 6.566 48 0 5.48 0.344 4.54 1.48 
Oligochaeta 2.761 4.768 52.77 0 3.98 0.75 3.74 1.24 
Neoperla 2.517 4.347 57.11 0.691 0.0668 1.2 1.99 3.79 
Maccaffertium 2.283 3.943 61.06 3.36 1.9 1.12 2.06 1.73 
Tanypodinae 2.108 3.64 64.7 0.427 3.42 0.6 2.74 1.44 
Pleuroceridae 1.872 3.233 67.93 0.378 1.81 0.579 3.52 2.1 
Leptocerus 1.765 3.049 70.98 2.89 0 0 0 0 
Tricorythodes 1.456 2.515 73.49 0 1.59 0.152 2.35 0.101 
Hydropsyche 1.451 2.507 76 0 0.0758 0.245 0.643 2.79 
Chimarra 1.333 2.301 78.3 0 0 0.0586 0.03 2.91 
Hydroptila 1.239 2.141 80.44 0 1.05 0.214 2.34 0.278 
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FIGURES: 
 
Figure 3.1: (a) Bar graph showing mean number of individuals per gram of original mass remaining. 
Error bars show plus or minus a standard deviation. Significant differences between years are shown by 
capital letters on top of the bars. (b) Bar graph showing mean number of taxa per sample. Error bars show 
plus or minus a standard deviation. Significant differences between years are shown by capital letters on 
top of the bars. 
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Figure 3.2: Relative contribution of major orders plus class gastropoda by year.  
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Figure 3.3: Relative contribution of functional feeding groups by years.  
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Figure 3.4: Plot showing two dimensions of a three-dimensional nMDS ordination on macroinvertebrate 
species composition with environmental variable fitted as vectors. Different colors convex hulls and 
symbols depict the macroinvertebrate composition clusters on different years. Stress = 0.07736 
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APPENDICES 
APPENDIX A 
TAXA LIST 
List of all taxa collected form leaf packs deployed in the Ogeechee River and identified from years 2013 
through 2017. *Taxa classified as Chironimidae all sub-families found except Tanypodinae.  
    
Class  Order  Family  Genus  
Insecta Odonata  Aeshnidae Boyeria 
 
Odonata  Aeshnidae Coryphaeschna 
 
Odonata  Coenagrionidae Argia 
 
Odonata  Coenagrionidae Amphiagrion 
 
Odonata  Coenagrionidae Enallagma 
 
Odonata  Corduliidae Epitheca 
 
Odonata  Gomphidae Gomphus 
 
Odonata  Gomphidae  Aphylla 
 
Odonata  Macromiidae Macromia 
 
Ephemeroptera  Baetidae  Baetis 
 
Ephemeroptera  Baetiscidae Baetisca 
 
Ephemeroptera  Caenidae Caenis 
 
Ephemeroptera  Ephemeridae Hexagenia 
 
Ephemeroptera  Heptageniidae Heptagenia 
 
Ephemeroptera  Heptageniidae Maccaffertium 
 
Ephemeroptera  Isonychiidae Isonychia 
 
Ephemeroptera  Leptohyphidae Leptohyphes  
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Ephemeroptera  Leptohyphidae Tricorythodes 
 
Ephemeroptera  Leptophlebiidae Leptophlebia 
 
Plecoptera  Perlidae Acroneuria 
 
Plecoptera  Perlidae Neoperla 
 
Plecoptera  Taeniopterygidae Taeniopteryx 
 
Megaloptera  Corydalidae Corydalus 
 
Trichoptera  Brachycentridae Brachycentrus 
 
Trichoptera  Hydropsychidae Cheumatopsyche 
 
Trichoptera  Hydropsychidae Hydropsyche 
 
Trichoptera  Hydropsychidae Macrostemum 
 
Trichoptera  Hydroptilidae Dibusa 
 
Trichoptera  Hydroptilidae Hydroptila 
 
Trichoptera  Hydroptilidae Neotrichia 
 
Trichoptera  Hydroptilidae Ochrotrichia 
 
Trichoptera  Hydroptilidae Orthotrichia 
 
Trichoptera  Hydroptilidae Oxyethira 
 
Trichoptera  Leptoceridae Ceraclea 
 
Trichoptera  Leptoceridae Nectopsyche 
 
Trichoptera  Leptoceridae Oecetis 
 
Trichoptera  Leptoceridae Triaenodes 
 
Trichoptera  Leptoceridae Leptocerus 
 
Trichoptera  Philopotamidae Chimarra 
 
Trichoptera  Polycentropodidae Neureclipsis 
 
Coleoptera  Elmidae  Dubiraphia 
 
Coleoptera  Elmidae  Hexacylloepus 
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Coleoptera  Elmidae  Macronychus 
 
Coleoptera  Elmidae  Optioservus 
 
Coleoptera  Elmidae  Mycrocylloepus 
 
Coleoptera  Elmidae  Stenelmis 
 
Coleoptera  Gyrinidae Dineutus 
 
Coleoptera  Haliplidae Haliplus 
 
Coleoptera  Haliplidae Peltodytes 
 
Diptera  Ceratopogonidae Bezzia 
 
Diptera  Chironomidae  Tanypodinae 
 
Diptera  Chironomidae* 
 
 
Diptera  Empididae Hemerodromia 
 
Diptera  Simulidae  Simulium 
    
Gastropoda Architaenioglossa Viviparidae 
 
 
Basommatophora Physisdae  Physa 
 
Basommatophora Planorbidae 
 
 
Neotaenioglossa Pleuroceridae 
 
 
Veneroida Corbiculidae Corbicula 
 
Sphaeriida Sphaeriidae 
 
Malacostraca Decapoda  Cambaridae Cambarus 
 
Decapoda  Cambaridae Procambarus 
Crustacea Amphipoda Crangonyctidae Crangonyx 
 
Amphipoda Gammaridae Gammarus 
 
Amphipoda Hyalellidae Hyalella 
 
Isopoda  Asellidae 
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Sub-class 
   
Copepoda 
   
Ostracoda 
   
Hirudinea 
   
Oligochaeta 
   
    
Phylum  
   
Nematoda 
   
Nemertea 
   
Platyhelminthes 
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APPENDIX B 
SIMPER TABLES 
Pair-wise SIMPER results by year with a cutoff of 80% dissimilarity 
2013-2014. Taxa classified as Chironimidae all sub-families found except 
Tanypodinae. 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean b Mean c 
Chironomidae 14.43 24.04 24.04 12.5 22 
Ancylidae 6.906 11.51 35.54 0 5.48 
Oligochaeta 5.024 8.371 43.92 0 3.98 
Tanypodinae 3.825 6.374 50.29 0.427 3.42 
Leptocerus 3.604 6.005 56.29 2.89 0 
Sphaeriidae 3.124 5.205 61.5 0 2.71 
Hydrobiidae 2.378 3.963 65.46 0 1.82 
Tricorythodes 2.324 3.872 69.33 0 1.59 
Maccaffertium 2.247 3.743 73.08 3.36 1.9 
Pleuroceridae 1.932 3.219 76.3 0.378 1.81 
Neotrichia 1.477 2.461 78.76 0 1.04 
Hydroptila 1.414 2.355 81.11 0 1.05 
 
2013-2015 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean b Mean d 
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Chironomidae  19.76 32.69 32.69 12.5 8.28 
Leptocerus 7.051 11.66 44.35 2.89 0 
Maccaffertium 6.912 11.43 55.79 3.36 1.12 
Taeniopteryx 2.572 4.255 60.04 0 1.53 
Gammarus 2.502 4.139 64.18 1 0.103 
Neoperla 2.395 3.962 68.15 0.691 1.2 
Simulium 2.009 3.323 71.47 0 0.613 
Oligochaeta 1.524 2.521 73.99 0 0.75 
Caenis 1.45 2.398 76.39 0.572 0.0705 
Stenelmis 1.403 2.32 78.71 0 0.53 
Hydrobiidae 1.223 2.023 80.73 0 0.413 
 
2013-2016 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean b Mean e 
Chironomidae  21.9 32.76 32.76 12.5 34.7 
Hydrobiidae 12.25 18.33 51.09 0 12.8 
Ancylidae 4.197 6.278 57.37 0 4.54 
Oligochaeta 3.479 5.204 62.57 0 3.74 
Leptocerus 3.023 4.521 67.09 2.89 0 
Pleuroceridae 2.95 4.413 71.5 0.378 3.52 
Hydroptila 2.4 3.589 75.09 0 2.34 
Tricorythodes 2.322 3.472 78.57 0 2.35 
Tanypodinae 2.241 3.352 81.92 0.427 2.74 
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2013-2017 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean b Mean e 
Chironomidae  21.9 32.76 32.76 12.5 34.7 
Hydrobiidae 12.25 18.33 51.09 0 12.8 
Ancylidae 4.197 6.278 57.37 0 4.54 
Oligochaeta 3.479 5.204 62.57 0 3.74 
Leptocerus 3.023 4.521 67.09 2.89 0 
Pleuroceridae 2.95 4.413 71.5 0.378 3.52 
Hydroptila 2.4 3.589 75.09 0 2.34 
Tricorythodes 2.322 3.472 78.57 0 2.35 
Tanypodinae 2.241 3.352 81.92 0.427 2.74 
 
 
2014-2015 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean c Mean d 
Chironomidae  21.52 32.33 32.33 22 8.28 
Ancylidae 6.957 10.45 42.78 5.48 0.344 
Oligochaeta 4.533 6.808 49.58 3.98 0.75 
Tanypodinae 3.952 5.935 55.52 3.42 0.6 
Sphaeriidae 3.334 5.007 60.53 2.71 0.011 
Tricorythodes 2.353 3.535 64.06 1.59 0.152 
Maccaffertium 2.151 3.231 67.29 1.9 1.12 
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Hydrobiidae 1.974 2.965 70.26 1.82 0.413 
Pleuroceridae 1.82 2.734 72.99 1.81 0.579 
Taeniopteryx 1.666 2.503 75.49 0 1.53 
Neoperla 1.509 2.267 77.76 0.0668 1.2 
Neotrichia 1.419 2.131 79.89 1.04 0.21 
Copepoda 1.362 2.045 81.94 1.07 0.0466 
 
2014-2016 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean c Mean e 
Chironomidae  10.9 26.6 26.6 22 34.7 
Hydrobiidae 7.82 19.08 45.68 1.82 12.8 
Ancylidae 3.522 8.593 54.27 5.48 4.54 
Sphaeriidae 1.96 4.78 59.05 2.71 0.0544 
Oligochaeta 1.911 4.663 63.72 3.98 3.74 
Tanypodinae 1.451 3.54 67.26 3.42 2.74 
Neoperla 1.347 3.287 70.54 0.0668 1.99 
Pleuroceridae 1.327 3.236 73.78 1.81 3.52 
Hydroptila 1.265 3.086 76.87 1.05 2.34 
Tricorythodes 1.212 2.957 79.82 1.59 2.35 
Maccaffertium 0.9346 2.28 82.1 1.9 2.06 
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2014-2017 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean c Mean f 
Chironomidae  10.49 22.57 22.57 22 25 
Ancylidae 4.35 9.357 31.93 5.48 1.48 
Neoperla 3.754 8.074 40 0.0668 3.79 
Chimarra 2.699 5.804 45.81 0 2.91 
Oligochaeta 2.5 5.376 51.18 3.98 1.24 
Hydropsyche 2.449 5.267 56.45 0.0758 2.79 
Sphaeriidae 2.374 5.105 61.55 2.71 0.077 
Tanypodinae 2.008 4.32 65.87 3.42 1.44 
Tricorythodes 1.622 3.489 69.36 1.59 0.101 
Hydrobiidae 1.109 2.386 71.75 1.82 1.96 
Neotrichia 1.076 2.315 74.06 1.04 0.0202 
Taeniopteryx 1.028 2.211 76.27 0 1.05 
Copepoda 0.9585 2.062 78.33 1.07 0.068 
Cheumatopsyche 0.9497 2.043 80.38 0.0249 1.03 
 
2015-2016 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean d Mean e 
Chironomidae  28.67 40.65 40.65 8.28 34.7 
Hydrobiidae 12.56 17.81 58.46 0.413 12.8 
Ancylidae 4.129 5.855 64.31 0.344 4.54 
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Oligochaeta 3.092 4.385 68.7 0.75 3.74 
Pleuroceridae 2.903 4.117 72.82 0.579 3.52 
Hydroptila 2.329 3.303 76.12 0.214 2.34 
Tanypodinae 2.327 3.3 79.42 0.6 2.74 
Tricorythodes 2.311 3.277 82.69 0.152 2.35 
 
2015-2017 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean d Mean f 
Chironomidae  26.76 42.51 42.51 8.28 25 
Neoperla 4.871 7.739 50.25 1.2 3.79 
Chimarra 4.1 6.515 56.77 0.0586 2.91 
Hydropsyche 3.535 5.616 62.38 0.245 2.79 
Hydrobiidae 2.801 4.45 66.83 0.413 1.96 
Taeniopteryx 2.629 4.177 71.01 1.53 1.05 
Pleuroceridae 2.424 3.851 74.86 0.579 2.1 
Maccaffertium 2.302 3.658 78.52 1.12 1.73 
Ancylidae 1.925 3.059 81.58 0.344 1.48 
 
2016-2017 
Taxon Av. 
dissim 
Contrib. 
% 
Cumulative 
% 
Mean e Mean f 
Chironomidae  13.33 29.05 29.05 34.7 25 
Hydrobiidae 8.027 17.5 46.55 12.8 1.96 
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Ancylidae 2.942 6.414 52.96 4.54 1.48 
Neoperla 2.547 5.551 58.51 1.99 3.79 
Chimarra 2.305 5.024 63.54 0.03 2.91 
Hydropsyche 1.9 4.142 67.68 0.643 2.79 
Oligochaeta 1.81 3.946 71.63 3.74 1.24 
Tricorythodes 1.773 3.865 75.49 2.35 0.101 
Hydroptila 1.676 3.654 79.14 2.34 0.278 
Tanypodinae 1.441 3.141 82.29 2.74 1.44 
 
 
 
